Abstract. Osteosarcoma (OS) is the most commonly diagnosed bone tumor in young adults under the age of 20. Metastasis is considered an important factor underlying cancer-associated morbidity and mortality, and, as a result, the survival rate of patients with metastatic OS is low. In spite of this, the mechanisms underlying metastasis in OS are currently not well understood. The present study compared gene expression levels between five non-metastatic and four metastatic OS tumor samples, using an Affymetrix microarray. A total of 282 genes were differentially expressed in the metastatic samples, as compared with the non-metastatic samples. Of these differentially expressed genes (DEGs), 212 were upregulated and 70 were downregulated. The following DEGs were associated with metastasis: Homeobox only protein; lysosomal-associated membrane protein-3; chemokine (C-C motif) ligand-18; carcinoembryonic antigen-related cell adhesion molecule-6; keratin-19; prostaglandin-endoperoxide synthase-2; clusterin; and nucleoside diphosphate kinase-1. Subsequently, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway analyses were conducted, which identified 529 biological processes (P<0.01) and 10 KEGG pathways (P<0.05) that were significantly over-represented in the metastatic samples, as compared with the non-metastatic samples. Interaction networks for the DEGs were constructed using the corresponding GO terms and KEGG pathways, and these identified numerous genes that may contribute to OS metastasis. Among the enriched biological processes, four DEGs were consistently over-represented: Jun proto-oncogene, caveolin-1, nuclear factor-κB-inhibitor-α and integrin alpha-4; thus suggesting that they may have key roles in OS metastasis, and may be considered potential therapeutic targets in the treatment of patients with OS.
Introduction
Osteosarcoma (OS) is the most common malignant bone tumor, which typically develops in children and adolescents. The estimated annual incidence worldwide is 10 patients per million people, with the majority of cases occurring in patients under 20 years of age (1, 2) . OS has a high propensity for metastasis, and ~80% of all metastases occur in the lungs (3). The 5-year survival rate for patients with primary OS tumors has greatly improved from ~20 to 70% since the introduction of chemotherapy in the 1970s; however, the survival rate for patients with metastatic OS is estimated to be <30%, based on the current therapeutic strategies (4) . Conventional chemotherapy remains the standard method for treating patients with OS; however, patients with metastatic OS have previously demonstrated poor responses to chemotherapeutic drugs (5) . Therefore, developing novel strategies to improve the treatment of patients with metastatic OS will require elucidation of the mechanisms underlying metastasis in patients with OS, and its corresponding biological processes.
Whole genome expression and proteomic analyses are able to detect the abnormal expression of genes in OS samples, and thus permit the identification of various metastasis-associated targets (6) . It has previously been reported that thatezrin, a member of the ezrin-radixin-moesin family, is highly expressed in metastatic OS cell lines, and is required for OS metastasis, due to its functional connection with the actin cytoskeleton (7) . In addition, the expression of Fas has previously been associated with OS metastasis, and an inhibitor of the Fas pathway (c-FLIP) has been developed as a potential treatment for patients with lung metastasis (8) . Nagao-Kitamoto et al (9) demonstrated that knockdown of GLI family zinc finger 2 (GLI2) using RNA interference was able to significantly attenuate the migration and invasion of OS cells; thus suggesting that inhibition of GLI2 may be a potential strategy for the treatment of patients with metastatic OS. Furthermore, numerous microRNAs (miRNAs) have been implicated in the OS metastatic process, including miRNA-20a, miRNA-143, miRNA-202 and miRNA-9 (10) (11) (12) .
In the present study, a high-throughput method was used to identify factors associated with the OS metastatic process, and potential novel targets that may be considered as biomarkers for the treatment of patients with metastatic OS. The aims of the present study were to identify metastasis-associated genes for OS tumor and to extend our mechanistic understanding of metastatic processes in OS cells. The results may provide new insight into therapeutic strategy for OS patients.
Materials and methods
Data collection. The Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) was searched, and microarray expression data (GSE14359) from two groups was obtained, which included five non-metastatic OS samples and four OS lung metastases tumor samples. Each sample had two replicates, and the data were analyzed using the Affymetrix Human Genome U133A Array (Affymetrix, Inc., Santa Clara, CA, USA). Unprocessed data sets (.cel files) were collected for further analysis. The probe annotation files were downloaded for further research.
Data processing and filtering. Numerous algorithms have been developed in order to quantify microarray signals, and the present study applied Guanine Cytosine Robust Multi-Array Analysis (13) . The normalization process consisted of three steps: i) Model-based background correction; ii) quantile normalization; and iii) summarizing.
In order to filter out uninformative data, including control probe sets and other internal controls, as well as genes whose expression levels were uniformly close to the background detection levels, the nsFilter function from the genefilter package in R programming language was used (14) . However, the filter was unable to remove probe-sets without Entrez Gene identifiers or with identical Entrez Gene identifiers.
Analysis of differentially expressed genes (DEGs).
Statistical comparisons between the two groups were conducted. Limma in the nsFilter function from the genefilter package in R programming language version 3.1.1 was used. to identify genes that were significantly differentially expressed between the two groups (15) . For probes with identical Entrez Gene identifiers, only the probes occupying the biggest variance were retained for further DEG analysis. In addition, only DEGs with a log 2 (fold change) >1.5 and an adjusted P<0.01 were recognized as statistically significant. The adjusted P-value was obtained by applying Benjamini and Hochberg's false discovery rate correction on the original P-value (16) . The fold change threshold was selected based on the requirement for focusing on only genes that were significantly differentially expressed.
Hierarchical clustering. Hierarchical clustering was conducted using the DEGs in order to classify the samples according to their gene expression profiles and observe global alterations in gene expression patterns (17) . The DEGs were classified into specific biological processes (GO terms) and KEGG pathways, which were represented in heat maps. To be specific, DEG expression values were used in the hierarchical clustering analysis using gplots software (18) .
GO and KEGG pathway analysis. The R packages GO.db (19) and KEGGREST (20) (23) . The pair interactions, which were included in all three databases, were selected to be included in the curated PPI database. A total of 56,1405 pair interactions were identified in the PPI database. Cytoscape version 3.1.1 (http://www.cytoscape.org/) was used to construct interaction networks. Interacting gene pairs from the curated PPI database were imported as a stored network. Following functional enrichment analysis, the DEGs specified in significantly enriched GO terms and KEGG pathways were mapped to corresponding networks in order to analyze the interaction relationships.
Results

Analysis of DEGs.
A comparison of the gene expression levels between metastatic and non-metastatic OS tumor samples was conducted using microarray analysis. A log 2 fold-change >1.5 and an adjusted P<0.01 indicated that a gene was significantly differentially expressed. A total of 282 DEGs were obtained, of which 212 were upregulated and 70 were downregulated ( Table I ). The top 50 upregulated and downregulated DEGs are presented in Table II . Of the DEGs, at least eight genes may have been associated with OS metastasis to the lungs, including the homeobox only protein (HOPX), lysosomal-associated membrane protein-3 (LAMP3), chemokine (C-C motif) ligand-18 (CCL18), carcinoembryonic antigen-related cell adhesion molecule-6 (CEACAM6), keratin-19 (KRT19), prostaglandin-endoperoxide synthase-2 (PTGS2), clusterin (CLU), and nucleoside diphosphate kinase-1 (NME1).
Construction of biological networks. The non-metastatic and metastatic OS tumor samples had different gene expression profiles, as demonstrated by the heatmap representing the hierarchical clustering of all DEGs (Fig. 1A) . Biological networks for upregulated and downregulated DEGs were constructed according to the protein-protein interactions identified in the HPRD, BIOGRID, and PIP databases (Fig. 1B) . The majority of proteins were involved in >1 sub-networks. A total of four genes: JUN, CAV1, NFKB1A and ITGA4, were consistently over-represented in the networks; thus suggesting that they may contribute to the OS metastatic process. Of the four genes, JUN, CAV1 and NFKBIA were upregulated in the metastatic OS tumor samples, as compared with the non-metastatic OS tumor samples. Conversely, ITGA4 was downregulated in the metastatic OS tumor samples, as compared with the non-metastatic OS tumor samples. The network of all the DEGs was too complex to allow elucidation of the various functions of the sub-networks; thus requiring further analysis.
GO and KEGG pathway analysis.
A GO and KEGG pathway analysis was performed for the DEGs. A total of 529 GO terms and 10 KEGG pathways were over-represented in the metastatic OS tumor samples, as compared with the non-metastatic OS tumor samples (Table III) . P<0.01 indicated significantly enriched GO terms, whereas P<0.05 indicated significantly enriched KEGG pathways. The five most significantly enriched GO terms included: Cell proliferation; response to external stimulus; positive regulation of biological process; cell migration; and cellular component organization or biogenesis (Table IV) . The most significantly enriched KEGG pathways included: Extracellular matrix (ECM)-receptor interaction; cell adhesion molecules; complement and coagulation cascades; and osteoclast differentiation (Table V) . Heat maps and biological networks of the five GO terms and the top KEGG pathways are presented in Figs. 2 and 3 , respectively. The network analysis identified four genes that may be involved in the molecular events associated with the metastasis of OS cells to the lungs: JUN, CAV1, NFKBIA and ITGA4; thus suggesting that these genes may be potential targets for the treatment of patients with metastatic OS.
Discussion
OS is the most common malignant bone tumor in children and adolescents. The prognosis for patients with OS is affected by whether or not metastasis to the lungs has occurred; thus highlighting the importance of developing novel therapeutic strategies for the treatment of patients with metastatic OS. Numerous genes associated with metastasis have previously been described for other types of cancer (24); however, the molecular mechanisms underlying the metastasis of OS are currently not well understood. The present study aimed to investigate the underlying metastatic processes of OS in order to identify potential biomarkers for the treatment of patients with metastatic OS.
The present study compared the gene expression profiles of non-metastatic and metastatic OS tissue samples, using microarray analysis. A total of 282 DEGs, including 212 upregulated and 70 downregulated DEGs, were identified, all of which had >1.5-fold change in gene expression levels. In addition, significantly enriched GO terms and KEGG pathways were analyzed, in order to identify significantly altered molecular events that were associated with metastasis, and biological networks were constructed to screen for candidate metastasis-associated A B genes, which may provide potential therapeutic targets for the treatment of patients with metastatic OS. According to previous studies, a number of the DEGs identified in the present study may be associated with OS metastatic processes, including HOPX, LAMP3, CCL18, CEACAM6, KRT19, PTGS2, CLU and NME1. The majority of these genes, with the exception of NME1, were upregulated in the metastatic OS tissue samples, as compared with the non-metastatic OS tissue samples.
HOPX contains a homeobox-like domain lacking DNA binding properties due to the loss of required conserved residues. HOPX is a core regulator of epigenetics, and its aberrant expression has previously been associated with the progression of cancer (25) . In addition, HOPX has been demonstrated to DEGs were selected if they had a log 2 (fold change) >1.5 and an adjusted P<0.01.
be involved in the metastatic process of sarcoma cells, and its knockdown decreased cell motility and metastasis formation in vitro and in vivo (26) . The present study detected upregulation of HOPX in metastatic OS samples, as compared with in non-metastatic OS tissue samples; thus suggesting that upregulation of HOPX may accelerate metastasis in patients with OS. 
A B C
LAMP3 is a member of the LAMP family of proteins and is recurrently upregulated in cancer cells (27) . Previous studies have demonstrated an association between cell migration and LAMP3 expression in some solid tumors, including breast cancer (28) and cervical cancer (29) . Furthermore, overexpression of LAMP3 has been associated with an enhanced metastatic potential in a cervical xenograft model (29) . Alongside the findings of the present study, these results indicated that LAMP3 may promote the mobility of OS tumor cells.
It has previously been suggested that chemokines in the tumor microenvironment have an important role in tumor progression and metastasis (30) . CCL18 is a small cytokine predominantly produced by the innate immune system. Li et al (31) suggested that CCL18 was able to induce breast cancer metastasis via phosphorylation of protein tyrosine kinase-2 and proto-oncogene tyrosine-protein kinase, and concomitant downstream signaling (31) . In the present study, CCL18 was demonstrated to be overexpressed in the metastatic OS tumor samples, as compared with the non-metastatic OS tumor samples; thus suggesting that CCL18 may have a potential role in OS metastasis.
CEACAM6 belongs to a family of carcinoembryonic antigen cell adhesion molecules, and has functions in various biological processes, including cancer progression, inflammation, angiogenesis and metastasis (32) . Previous studies have detected an association between CEACAM6 expression and poor prognosis of patients with primary cancers. As a marker of . Red and green in the heat maps indicate high and low relative expression levels, respectively. The red/pink and blue coloring in the networks indicate upregulated and downregulated expression levels, respectively. The darker the color, the greater the gene expression levels were altered between the metastatic and non-metastatic osteosarcoma tissue samples. GO, gene ontology.
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cancer progression and metastasis, the CEACAM protein family is considered to have high therapeutic value. Furthermore, specific monoclonal antibodies against CEACAM1 and CEACAM6 have been developed and have demonstrated their potential in the treatment of numerous types of cancer (33) . The results of the present study demonstrated that CEACAM6 was upregulated in the metastatic OS samples, as compared with the non-metastatic OS samples; thus suggesting that CEACAM6 may be considered a potential therapeutic target for the treatment of patients with metastatic OS.
KRT-19 is a member of the keratin family, which is responsible for maintaining the structural integrity of epithelial cells. The expression of KRT-19 has previously been associated with chemoresistance, and was demonstrated to confer an invasive potential on human hepatocellular carcinoma cells (HCC) (34) . In the present study, KRT-19 was upregulated in the metastatic OS tissue samples, as compared with the non-metastatic OS tissue samples; thus suggesting that KRT-19 may have conferred an invasive ability on OS tumor cells. 
A B C
PTGS2, which is also known as cyclooxygenase 2, catalyzes the conversion of arachidonic acid and O 2 to prostaglandin H2, which is an important precursor in prostanoid biosynthesis. The overexpression of PTGS2 has been associated with the pathogenesis and cell mobility of various tumors, including Ewing sarcoma (35) and osteosarcoma (36, 37) . The selective PTGS2 inhibitors, celecoxib and meloxicam, have previously been demonstrated to inhibit cell proliferation and invasion in vitro and in vivo (35, 38) . In line with previous studies, upregulation of PTGS2 in the present study may have been associated with initiation of the OS metastatic process.
CLU is a 75-80 kDa heterodimeric protein, which is involved in the clearance of cellular debris and apoptosis (39) . Furthermore, a role for CLU in tumor invasion has previously been reported for various cancer types; its downregulation via short hairpin RNA reduced migratory ability, whereas upregulation of CLU was associated with increased cell invasion in HCC (40) . In the present study, CLU expression levels were upregulated in the metastatic OS tissue samples, as compared with the non-metastatic OS tissues samples; thus suggesting that CLU may increase the metastatic potential of OS.
NME1 exerts nucleoside diphosphate kinase and histidine protein kinase activities. It was initially identified as a suppressor of metastasis, and has been shown to be associated with numerous biological processes, including cell migration, proliferation and differentiation (41) . Previous studies have suggested that the anti-metastatic effects of NME1 occur due to inhibition of the Ras/extracellular signal-regulated kinase signaling pathway in numerous types of human cancer, including melanoma, breast and stomach carcinomas (42) (43) (44) . In addition, alterations in the expression profiles of genes regulated by NME1 have been demonstrated in melanoma and thyroid carcinomas (45) . In the present study, NME1 expression levels were decreased in the metastatic OS tissue samples, as compared with the non-metastatic OS tissue samples; thus suggesting that cell migration and invasion may result from the downregulation of NME1 expression levels in the OS cells.
In the present study, the identified DEGs were clustered according to their functions by performing GO term and KEGG enrichment pathway analyses. GO term analysis was used to identify metastasis-associated biological processes that were over-represented in the OS metastatic tumor samples, as compared with the non-metastatic samples. The most significant biological processes included cell proliferation, response to external stimulus, positive regulation of biological process, cell migration, and cellular component organization or biogenesis. Notably, the majority of the DEGs were associated with cell proliferation and cell migration, which are key processes in metastasis. In addition, cellular responses to the tumor microenvironment were important upon the migration of the OS cells to the lungs. Metastasis is a complex cascade of events, which requires a precise gene regulatory network in order to overcome barriers that exist within the tumor microenvironment. The present GO analysis suggested that aberrant regulation of molecular events may contribute to metastasis of OS.
KEGG enrichment analysis demonstrated that the DEGs were involved in numerous pathways that have previously been associated with metastatic processes. Furthermore, the identification of pathways involving ECM-receptor interactions and cell adhesion molecules corroborated the results obtained from the GO analysis. It has previously been reported that cancer cell invasion and migration involves the degradation of ECM proteins, including matrix metalloproteinases and integrins (46) . Based on the GO term and KEGG pathway analyses, the present study obtained a comprehensive understanding of the DEGs identified in the metastatic samples, including their functions, and upstream and downstream relationships.
In the present study, a signal network was constructed in order to identify the number of genes involved in significant biological processes and pathways. A total of four genes: JUN, CAV1, NFKBIA and ITGA4, were associated with numerous enriched biological pathways and formed the center of the network. All of the genes, with the exception of ITGA4, were upregulated in the metastatic OS samples, as compared with the non-metastatic OS samples. The JUN gene encodes the c-Jun protein, which may be activated via double phosphorylation in the c-Jun N-terminal kinase signaling pathway. It has previously been suggested that c-Jun may have roles in cell proliferation, the cell cycle, apoptosis prevention, and cancer progression (47) ; however, there is currently no direct evidence that associates c-Jun with metastasis. Sze et al (48) demonstrated that the C-terminal truncation of the hepatitis B virus X protein increased HCC cell migration via activation of c-Jun (48) . Furthermore, activated c-Jun was predominantly expressed in invasive breast cancer cells and associated with proliferation and angiogenesis (49) . CAV1 is a multi-functional scaffold protein associated with cell surface caveolae, which has previously been demonstrated to regulate numerous cancer-associated processes, including tumor growth, cell death and survival, and cellular transformation (50) . In addition, numerous studies have associated CAV1 with metastasis. For example, upregulation of CAV1 has been associated with enhanced metastatic potential and exacerbated prognosis in HCC cells (51) and Ewing's sarcoma (52) . NFKBIA is a member of the inhibitor of κB (IkB) proteins, which are able to inhibit the nuclear localization of nuclear factor-κB (53) . There is currently no report supporting a role for NFKBIA in tumor metastasis; however, IkBg, another member of the IkB proteins, was previously shown to promote the metastatic progression of melanoma (54) . The ITGA4 gene encodes the integrin alpha4 protein, which is involved in cell-cell and cell-ECM interactions (55) . Previous studies have detected that over-expression of ITGA4 is associated with a reduction in the cell invasion of numerous types of cancer (56) (57) (58) . In the present study, a network analysis enabled the identification of the most significantly enriched genes with the highest repetition frequency, which may be associated with OS metastasis.
In conclusion, the present study identified a total of 282 DEGs in the metastatic OS tissue samples, as compared with the non-metastatic OS issue samples, of which 212 were upregulated and 70 were downregulated. GO term, KEGG pathway and network analyses identified numerous genes that may have a role in the metastasis of OS cells, and these may be considered as potential therapeutic targets in the treatment of patients with OS.
